























synthesis   conditions,   Cr   ions  might   assume   different   oxidation   states   (II­IV)   leading   to 




pottery   industry,   offering   stability   until   1300ºC   [3].   However,   some   fundamental   aspects 






chains of corner­sharing SnO6  octahedra running parallel   to  the cell  edges that are cross 
linked   by   silicate   tetrahedra   to   form   a  SnOSiO4  framework   that   accommodates  Ca2+  in 
irregular  hepta­coordinated  polyhedra   [5].  The  crystallochemistry   of   the   sphene   structure 
indicates that the chromium cations are accommodated in the octahedral site, substituting 
Sn4+  ions.  Recent  works   concluded   that   in   the  Cr­doped   sphene   structure  most   of   the 












huge  flow of wastewater  that  is  produced needs  to be  treated, yielding  large amounts of 
normally hazardous sludge [12]. As part of searching for waste reuse alternatives, we have 







after  disintegration  and  drying  at  100°C.  The  characterisation   included  determinations  of 
chemical   composition   (XRF,   Philips   X’UNIQUE   II),   thermal   behaviour   (DTA   and   TGA, 




purposes,   a   standard   formulation   (quoted   as  S1)   fully   obtained   from   solely   commercial 












This  method  uses   the   reflectance  data   in   the  visible   region   to  obtain   the   three   relevant 
parameters,  L*a*b*,  measuring   the  brightness,   red/green  and  yellow/blue  hue   intensities, 
respectively [14]. The visible diffuse reflectance spectra of the pigments were recorded on a 
Jasco V­560 UV­Vis  spectrophotometer,  using MgO as  reference.  XRD data   for  Rietveld 
refinements were collected by a Bruker D8 Advance diffractometer, equipped with a Si(Li) 
solid state detector (Sol­X), using CuK  radiation. Rietveld refinements of x­ray diffractionα  
patterns   were   performed   using   the   GSAS   and  EXPGUI   softwares   [15­16].   Thirty­two 
independent variables were refined: scale­factors, zero­point, 15 coefficients of the shifted 
Chebyschev   function   to   fit   the   background,   unit   cell   dimensions,   profile   coefficients   (1 
gaussian, GW, and 2 lorentzian terms, LX and LY). An example of Rietveld refinement is plotted 
in Figure 2 while the figures­of­merit obtained are listed in Table 2.
Diffuse   reflectance   spectroscopy   (DRS)   was   performed   with   a   Perkin   Elmer  λ 35 
spectrophotometer in the 300­1100 nm range (0.03 nm step) using BaSO4 integrating sphere 
and white reference material.  Reflectance (R∞) was converted to absorbance (K/S) by the 













G­s  is  produced by  the physico­chemical   treatment of  wastewaters generated by a Ni/Cr 
plating plant.  The possible  chemical  composition  variability   requires careful  sampling  and 





















Table   1   lists   the   four   malayaite   formulations   prepared.   S1   and   M1   pigments   have   a 
Cr2O3:SnO2  molar   ratio  =  0.036,  as  suggested by  Lopez­Navarrete  et  al.  [4].   In  order   to 






reaction  between  the  components  was not  complete,  as  commonly  happens  in   industrial 
conditions. As expected, enhancing the firing temperature improves the reactivity and, as a 
consequence  the  amounts  of  unreacted components   tend  to  diminish.  However,   there   is 
evidence that the degree of purity of malayaite is not a crucial requisite to obtain an intense 
pink colour [20].







ions  might   also   occupy   tetrahedral   sites,   there   is   general   agreement   that  most   of   the 
chromium assumes an octahedral coordination, substituting Sn4+ cations [5,6].
The  optical   spectra   of   sludge­bearing  pigments  are   characterised  by  a   light  absorbance 
directly   proportional   to   the   amount   of   chromophore   (Figure   5).   The   reference  malayaite 
exhibits a similar spectrum at high energies (>16000 cm­1) but some differences in the red­IR 
region. These spectra were successfully deconvolved considering different contributions by 





















(from  1250   to   1550°C)  due   to   progressive   incorporation  of   the   chromophore   inside   the 
malayaite   lattice.  Furthermore,  a  key  role   is   likely   to  be played by  the oxidation state of 
chromium and particularly the Cr4+/Cr3+ ratio, as the most important band affecting the colour 
is  that  of  Cr4+  (3T2g  at  ~19000 cm­1).  As a matter  of   fact,   the best   red hue (a* ~26)  was 
achieved in the sample with the highest Cr4+/Cr3+  ratio (i.e. M4). However, this effect is not 
observed   in   sample  M1,  even   though   it   has  a   rather  high  Cr4+/Cr3+  ratio,  probably  as  a 
consequence   of   interference   from  Ni2+,   that   is   present   in   this   pigment  with   the   highest 
NiO/Cr2O3 molar ratio (4.66). By increasing the amount of Ni2+, its band in the near IR gains 
intensity,   increasing  the absorbance  in  the red region of visible spectrum, so “dirting”  the 
magenta hue.
The   value   of   red   (a*)   colour   coordinate   is  at   its  maximum   at   1450ºC   in   the   standard 
formulation, while is reached only at 1350ºC in the sludge­containing equivalent formulation. 
Waste impurities seem to exert a mineralising/fluxing action, increasing the reactivity of the 
mixture.  This  means  that  a  similar  colour   is  developed at   lower  processing   temperature, 
therefore offering an obvious economical benefit [22].
Figure 7  illustrates  the colour  of  pigments  in  powder and dispersed  into   transparent  and 
opaque glazes (fired at 1050°C). The best colour developed by S1 and M (Gs­containing) 






















commercial  malayaite  pigments.  The best   results  are  obtained by  adding  chromium  to  a 
maximum of  0.03 Cr2O3/SnO2 molar ratio. Larger sludge additions imply an increased NiO 
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G­s CaCO3 SiO2 SnO2 Cr2O3
Cr2O3/SnO2
S1 — 31.6 19.0 47.5 1.7 0.036
M1 10.8 28.7 17.2 43.3 — 0.036
M2 6.2 30.2 18.1 45.5 — 0.020
M3 5.2 30.5 18.3 46.0 — 0.016





Parameters (unit) S1 M1 M2 M3 M4
G
O
F Rpw (%) 9.9 17.1 11.6 13.7 10.2
R |F2| (%) 6.4 7.8 10.2 9.7 6.4
Q
P
A Malayaite (%wt) 97.5(2) 97.0(2) 98.0(2) 97.7(2) 96.6(2)






a (Å) 7.1503(1) 7.1474(1) 7.1494(1) 7.1488(1) 7.1493(1)
b (Å) 8.8934(1) 8.8894(1) 8.8918(1) 8.8898(2) 8.8911(1)
c (Å) 6.6676(1) 6.6648(1) 6.6662(1) 6.6657(1) 6.6664(1)
b (°) 113.34(1) 113.33(1) 113.33(1) 113.33(1) 113.33(1)




a = b (Å) 4.7369(3) 4.7360(2) 4.7371(4) 4.7360(6) 4.7368(2)
c (Å) 3.1832(4) 3.1849(3) 3.1848(5) 3.1811(7) 3.1851(3)









L* a* b* L* a* b* L* a* b*
S1
1250 64.7 +10.1 +4.6 — — — — — —
1350 49.5 +18.0 +3.8 44.1 +13.7 +5.4 75.8 +7.8 +1.4
1450 35.2 +24.2 +4.8 36.6 +16.6 +3.3 65.5 +12.5 +0.4
1550 28.7 +20.1 +3.1 35.3 +14.5 +2.4 68.2 +9.9 ­0.5
M1 1350 27.1 +12.9 +0.9 34.5 +9.5 +4.6 64.8 +6.0 +0.9
M2
1250 45.2 +19.1 +5.2 48.6 +14.2 +5.8 77.0 +7.6 +1.4
1350 35.2 +19.8 +3.7 47.2 +16.8 +6.6 76.8 +9.6 +2.1
1450 31.3 +19.2 +2.4 38.9 +14.6 +4.1 71.0 +8.9 +0.6
M3 1350 39.6 +22.8 +4.1 41.8 +19.2 +4.8 69.9 +12.1 +0.8
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3A2g(3F) 3T1g(3P) 8 - - - 23260 2620
193
5
2343
0 2370 980
2334
0 2630
125
6
2360
0 3230
194
6
20
